Understanding the dual roles of demographic and selective processes in the buildup of population divergence is one of the most challenging tasks in evolutionary biology. In the Northern hemisphere in particular, species genetic makeup has been largely influenced by severe climatic oscillations of the Quaternary Period. Here, we investigated the demographic history of Atlantic Salmon across the entire species range using 2035 anadromous individuals from 77 sampling sites from North America and Eurasia genotyped at 4,656 SNPs. By combining results from admixture graphs, geogenetic maps and an approximate Bayesian computation framework, we validate previous hypotheses pertaining to secondary contact between European and Northern American populations, but also demonstrate that European populations from different glacial refugia have been exchanging alleles in contemporary times. We further identify the major sources of admixture from the southern range of North America to more northern populations along with a strong signal of secondary gene flow between genetic regional groups. We hypothesize that these patterns reflects the spatial redistribution of ancestral variation across the entire American range. Results also point to a role for linked selection in the form of background selection and or positive hitchhiking.
Introduction
An accurate understanding of demographic history, accounting for the putative alternation between periods of isolation and gene flow among populations, is fundamental for population genetic inferences. In particular, the genomic makeup of present day populations in the northern hemisphere is expected to be largely influenced by population splits and secondary contacts linked to climatic oscillations during the last quaternary glaciations (Hewitt 2000) . Yet, up to what point the contemporary distribution of genetic variation within species reflects historical divergence processes is a challenging question to address. Under the genic view of speciation, during allopatric phases, populations can randomly accumulate genetic Dobhzansky-Muller incompatibilities and other genetic barriers to gene flow due to genetic drift and selection (Wu 2001; Harrison and Larson 2016) . Following secondary contact, gene flow is expected to erode past genetic differentiation outside of barriers.
Depending on the balance between levels of secondary gene flow and number of accumulated barriers in allopatry, heterogeneous landscapes of divergence at the genetic level may arise (Wu 2001; Wolf and Ellegren 2016) . In line with this expectation, empirical population genomics studies from the last few years have documented the near ubiquity of the heterogeneous landscape of differentiation across a continuum of increasing divergence (reviewed in Seehausen et al. 2014; Wolf and Ellegren 2016) .
However, the observation of these 'islands of divergence' have fueled the long standing debate about whether populations and species are currently diverging in the face of continuous gene-flow or through allopatric divergence, emphasizing the need to reconstruct the initial conditions of population divergence and subsequent gene flow. Earlier studies have used genome scans to identify islands of differentiation (Feder et al. 2012; Seehausen et al. 2014 ) and draw verbal theory about 'speciation islands' as a basis for divergence with gene flow. Under a model of divergence hitchhiking, gene flow keeps eroding genetic differentiation outside of selected regions while selective sweeps involved in local adaptation and linked neutral variants will show higher level of differentiation (Via and West 2008; Feder et al. 2012; Flaxman et al. 2013 ). As stated above, however, allopatric divergence followed by secondary contact, whereby gene flow will erode past genetic differentiation outside of barrier loci or where gene flow is less effective (Barton and Bengtsson 1986) , can produce the same patterns (e.g. Gagnaire et al. 2013; Burri et al. 2015; Rougeux et al. 2016; Roux et al. 2016; Rougemont et al. 2017) . Moreover the link between heterogeneity of differentiation and the role of gene flow during divergence is increasingly questioned as hitchhiking of neutral alleles linked to a selective sweep, especially in regions of low recombination, can produce similar pattern (Noor and Bennett 2009; Cruickshank and Hahn 2014) . Similarly, background selection (Charlesworth et al. 1993; Charlesworth 1994 ) can contribute to this heterogeneous genomic landscape of divergence. This linked selection can be seen as an increase in genetic drift and thus be modeled as a local reduction of effective population size (Ne). This was first demonstrated by Hill and Robertson (Hill and Robertson 1966) who proposed that interference among loci under selection can be approximated as an increase in genetic drift, as compared to the effect of selection on single loci. Under these linked selective process, Ne will be reduced in genomic areas of low recombination relatively to regions of higher recombination (Hill and Robertson 1966; Charlesworth et al. 1993 ). Neglecting such selective effects in demographic inference can lead to biased inferences (Ewing and Jensen 2016; Schrider et al. 2016) . Therefore, a modeling approach that jointly allows for local genomic variations in effective population size and migration rate can improve our understanding of the demographic processes at play during population divergence. Simulation tools such as approximate Bayesian computations (Tavaré et al. 1997; Beaumont et al. 2002) allow for the simulation of complex models of divergence history. New methods have been developed to model the various levels of introgression across the genome (Roux et al. 2013; Sousa et al. 2013; Tine et al. 2014) , as well as local variation in effective population size (Tine et al. 2014) . Altogether, these approaches may help understanding the joint effects of barrier loci reducing migration rate and of linked selection reducing local effective population size.
Atlantic Salmon (Salmo salar) is a particularly relevant model to study the interactions of contemporary and historical factors leading to heterogeneous landscapes of divergence.
Distributed throughout the North Atlantic, both in Eastern North America and Europe, it undergoes long anadromous migrations to feed at sea at the adult stage before returning to natal rivers for spawning (Quinn 1993) . Such homing behavior results in reduced gene flow at both local and regional scales that in turn translate into fine scale spatial structure and a pattern of isolation by distance, which altogether may also facilitate the establishment of local adaptation (Taylor 1991; Dionne et al. 2008; Perrier et al. 2011; Primmer 2011) . Accordingly, a large body of literature has been devoted to describing the population genetic structure of the species (Vasemägi et al. 2005; Palstra et al. 2007; Perrier et al. 2011; Moore et al. 2014) , documenting local population sizes (Palstra et al. 2009; Ferchaud et al. 2016 ) and the effect of hatcheries on population admixture (Milot et al. 2013; Perrier et al. 2013; Bolstad et al. 2017) . In contrast, far less is known about the demographic history of the species, globally, as well as within each continent. Previous studies have documented pronounced continental divergence between European populations and Northern American populations using various molecular markers (Cutler et al. 1991; Bourke 1997; King et al. 2007; . It has been proposed that continental divergence most likely occurred around 600,000 -700,000 years ago (King et al. 2007 ) and perhaps more than one million year ago (Nilsson et al. 2001) . The process resulted in karyotypic divergence between North American and European populations, possibly due to Robertsonian fissions and fusions (Hartley 1987) as well as to other types of chromosomal rearrangements (Lien et al. 2016 ).
Yet, European alleles from mtDNA and allozymes have been found to segregate at low frequency among American populations from Newfoundland and Labrador King et al. 2007 ). In contrast with this deep continental phylogenetic divergence, European populations likely split more recently and following the end of following the Last Glacial Maxima (LGM) around 18,000 years ago, expanded from potential southern refugia in the Iberian peninsula and other non-glaciated rivers further north (King et al. 2007 ). Recent studies (King et al. 2007; Bradbury et al. 2015) have also supported such a historical scenario whereby salmon populations may have diverged in multiple refugia within Europe, and whether these populations have come into secondary contact has not been resolved yet. In contrast to the pronounced regional level of population genetic structure among European populations, the North American populations show a smaller amount of genetic diversity and lower level of genetic differentiation (King et al. 2007; . What is missing towards further elucidating the origin of contemporary population structure in the species is a thorough investigation of the role of different historical factors, which would explicitly take into account the potential effects of linked selection.
The goal of this study was to reconstruct the Atlantic Salmon demographic and population divergence history between the two continents as well as within Europe and North America. To do so, we took advantage of two previously published dataset that have solely focused on describing patterns of population genetic structure Moore et al. 2014 ) but did not perform explicit demographic inferences. First, we used classical population genetic clustering and tree-based approaches to identify the most likely source of divergence. Second, we used an accurate Approximate Bayesian Computation (ABC) framework and compare alternative models of population divergence that integrate both genome-wide variation in effective population size and migration rate in order to jointly account for the effect of linked selection and barriers to gene flow.
Results

Population genome-wide diversity and divergence
After excluding 45 individuals with more than 5% missing genotypes as well as SNPs with a lower than 95% genotyping rate a total of 2,035 individuals from 77 sampling locations (Fig. 1a , Supplemental Table S1 ) with 4,656 SNPs were kept for all subsequent analyses. A significantly lower observed heterozygosity among Northern American populations (Ho = 0.16) compared to that observed in Europe (Ho = 0.29; p-value <0.0001; Supplemental Table S2 ) was observed. Global differentiation was largely heterogeneous across the genome with a mean FST value of 0.349 across all populations (min = 0.033, max = 0.971, Supplemental Fig. S1 ). Mean FST among European populations was lower (FST = 0.142 min genome-wide = 0.00 -max = 0.68) than that observed between continents and level of differentiation among Northern American populations was lower than that observed in Europe (mean FST = 0.090, min genome-wide = 0 -max = 1), see also Supplemental Table S2 and   S3) . Based on an analysis of molecular variance stratified at the continental level, 46 % of variance was observed between continents (p > 0.001), 47 % of variance was observed within population and 7 % of variance was observed among populations within continents.
Individual clustering
We explored the broad patterns of population genetic structure using principal component analysis (PCA). The first axis of the PCA (Fig. 2a and Fig. 2b ) captured the majority of the differentiation with 33.84% of the total inertia, and clearly separated populations from each continent, consistent with the strong mean inter-continental FST value.
All North American populations clustered together on the first axis while the second axis (2.31% of inertia) separated European populations into three major groups corresponding to an "Atlantic" group, a group from the Northern Europe (Barents and White sea) and a Baltic group as defined previously . Plots of the axis 1 and 3 and axis 1 and 4 were very similar to the first and second axis as most differentiation was driven by continental divergence (Supplemental Fig. S2 ). Projection of the axis 2 and 3 of the PCA captured 4% of inertia; (Fig. 2b) and separated mostly the Baltic Sea populations from all others while North American populations fell at the center of the axes and the Atlantic populations clustered along the first axis with a tendency toward a North-South organization. Population from the Barents-White Sea clustered separately along the second axis and here, westernmost (e.g.Tuloma, Tana) populations were closer to North American populations while easternmost (e.g. Suma, Pongoma) populations were further apart along this second axis.
Results of population structure using the R package LEA (Frichot and François 2015) suggested that estimating a single fixed K was difficult (Supplemental Fig. S3 ) as the crossentropy criterion softly decreases and indicated that several clustering values could fit well the data. We therefore plotted a diversity of solutions to avoid over-interpretation (Falush et al. 2016) . A first change in the minimal cross-entropy criterion was observed for K =5 and K= 7 (Supplemental Fig. S3 ). K = 5 revealed the same clustering as the PCA (Supplemental Fig   S4) . At K = 7 (Fig. 2c and barplot Fig. 2d ), 42% of individuals showed a q-value <0.9 value (Fig. 2d) . The seven groups inferred corresponded to the 'Baltic' group (mean q-value = 0.99), the 'Icelandic' group (mean q-value = 0.99), the 'Spanish group' (mean q-value = 0.97), the 'Atlantic' group (mean q-value = 0.82), the 'Barents-White sea' group (mean q-value = 0.86) a "Southern" group in America (mean q-value = 0.82) and a Northern Group in America (mean q-value = 0.85). Individuals from the southern parts of the Barents-White Sea group displayed an ancestry coefficient closer to that of the individuals from the Atlantic group, forming a cline with those individuals. Similarly, the Loire River population (Atlantic group) displayed consistently mixed membership as no salmon displayed a q-value greater than 0.90 and shared ancestry with salmon from Spain. Moreover, 36 individuals from two Spanish rivers displayed mixed ancestry with individuals of the Atlantic group while the remaining individuals from a single Spanish river were assigned to this 'Spanish' group with a q-value >0.99. In contrast, individuals from the Baltic Sea and Iceland were all assigned to these 'regional' groups with a q-value greater than 0.90. Salmon from North America were separated into a Northern and a Southern group with respectively 194 out of 736 (26%) and 156 out of 359 individuals (43%) displaying mixed membership. The boundary delimiting the Northern and Southern population was falling in the Natashquan River from the Lower Shore of Québec.
Investigating a K value of 13 (Supplemental Fig S4) where the cross-entropy criterion further dropped separated individuals from Europe into eight subgroups, with notably the Loire and rivers from the Spanish area (Cares, Narcea, Piguena) that clustered separately as well as the most geographically isolated populations within the Baltic and Barents areas. Salmon from North America were further separated into five major groups exhibiting variable levels of admixture but with a tendency towards a geographical clustering according to a north-south S5 ). Overall, our results corroborate those of two previous studies Moore et al. 2014 ) but also allowed better defining major genetic groups in some cases, mainly in Europe.
American population were founded by multiple European sources
We combined TreeMix v1.12 (Pickrell and Pritchard 2012) , f3-test (Reich et al. 2009) and Spacemix (Bradburd et al. 2016 ) to identify population splits and mixture as well as the most likely source or sources of admixture. Treemix analyses were performed using regional genetic groups defined in ; Moore et al. (2014) and complemented by our own clustering analysis (Supplemental Table S1 ). This pooling strategy further allows to reduce the noise due to ongoing gene flow between neighboring rivers and to simplify the visualization of the tree in order to test the major migration events. A total of 4149 SNPs that were successfully placed on the Atlantic Salmon reference genome (Lien et al. 2016 ) was used.
Treemix indicated a steady increase in the percentage of variance of the covariance matrix explained as migration events (red arrow in Fig. 3b ) were added to the tree (Supplemental Fig. S6 ). Indeed, 99.8% of variance in the covariance matrix was already explained without migration. However, this percentage increases for different number of migration events and up to 19, demonstrating that even if most of the history of divergence can be summarized without gene flow, a more complex history of split and subsequent gene flow provided better fit to the data. We compared the results without migration (Fig. 3a) and with nine migration events (Fig. 3b) Narraguagus (Nar, Maine)) to three other regional groups (Avalon, Newfoundland and Labrador). We also detected admixture from European populations to Gaspésie and Anticosti regions in North America. Lastly, there was evidence for three admixture events along the branch leading to the Baltic group into one ancestral branch leading to the Barents-White sea group and in two other branches of the Barents-White sea population (Tana-Tuloma Rivers and Emtsa River).
For each triplet of populations, the f3-statistic was used to formally test if one population draws significant admixture from the two other populations. Out of 447 statistically significant tests, eight regional genetic groups from North America and one from the Barents Sea (Tuloma River) appeared significantly admixed with genetic background from other such groups (Supplemental Table S5 ). The Baltic Sea was a source of admixture towards the Barents Sea in 80% of the significant tests, confirming Treemix results for m between 1 and 5. In North America, the most statistically significant sources of admixture were the two southernmost American groups of Nova Scotia (NVS, 150) and Narraguagus (Nar, 150). Importantly, significant f3-tests of admixture into American populations always involved one population of Europe with one American population, whereas not a single test involving two European populations or two North American populations was significant. Therefore, our f3-tests provide evidence for the hypothesis that American populations resulted from admixture from several historical sources of American ancestry (here associated with Nova Scotia and Narraguagus) with most European ancestral populations.
To get further insights into the levels of admixture among genetic groups, Spacemix was used to construct 'geogenetic' maps where the distances are a function of the level of genetic differentiation between populations evolving under a model of Isolation-by-Distance.
The occurrence of admixture then resulted in a lower than expected geogenetic distance.
Since this analysis allows incorporating geographic information, it was performed at the level of sampling sites, without grouping into higher order groups as in the previous analyses.
Results show that geogenetic maps without admixture largely recover results expected from a simple PCA (Fig. 2a versus Fig. 3c ), however a model incorporating both admixture and migration provided additional information regarding the demographic history of populations ( 
Demographic history and divergence
While all the above analyses were informative with regards to the most probable source of ancestral admixture, their underlying demographic models are simplified and it is not possible to explicitly fit a model of population divergence. Therefore we performed an explicit modeling approach testing the four different models (Strict Isolation, Isolation with Migration, Ancient Migration and Secondary Contacts) including the possibility for heterogeneous introgression rate (Mhetero) and drift (Nhetero) among loci, as outlined in the Methods section. Using these models, we performed a total of 163 comparisons between pairs of populations. Demographic inference were performed by pairs for the following reasons: i) classic scenario of divergence are general compared between pairs of population ii) the number of parameters involved in a three or four populations models including heterogeneous migration and effective population size becomes too high and would certainly requires a higher amount of data than that available here. Thus a total of 90 comparisons were performed between the European and American continents, 37 comparisons between American population pairs from different major regional areas identified previously (Moore et al. 2014) , and 36 comparisons were performed between European population pairs from the major regional groups proposed in another study ) and also corroborated here.
Model selection and robustness
The most striking pattern emerging from the model selection procedure was the high posterior probability of the secondary contact model when averaged over the four declinations (NhomoMhomo, NheteroMhetero, NheteroMhomo, NhomoMhetero) . The median averaged over all comparisons was P(SC) = 0.99 (sd ± 0.091) (Fig. 4 , Supplemental Table S6 ) whereas 88% of the comparisons had a P (SC)>0.90 with a robustness greater than 0.91 as measured using 140,000 PODS (i.e.14 models x 10,000 PODS). Eighty-four percent of the comparisons displayed robustness greater than 0.95 and a posterior probability of SC > 0.969. Also, comparisons between Homo model (NhomoMhomo) versus Hetero models (NheteroMhetero, NheteroMhomo, NhomoMhetero) showed that models incorporating heterogeneity of either Ne, m, or of both were largely favored, as indicated by a higher posterior probability (Fig. 5 ).
For a random subset of 32 out of the 148 models with robustness above 0.865, we tested whether integrating two episodes of isolation and secondary contact (periodic secondary contact, PSC, see details in methods and Supplemental Note S1) or whether including postdivergence bottlenecks (BSC) improved the fit. In the 32 cases tested, the ABC model selection indicated that there was little gain from these models (Supplemental Table S7 ).
Thus, we based our inference on their least parameterized alternatives. To ascertain the potential effect of contemporary admixture, due for instance to recent stocking of Atlantic salmon from genetically differentiated rivers, we run another set of abc analysis (n = 20) on a random subset of individuals assigned to their genetic sampling site with a q-value > 0.90.
The P(SC) averaged over all comparisons was > 0.93 (Supplemental Table S8 ). Therefore, we conclude that recent admixture due to human activity should have minimal effects on inferences using all individuals and only present our results based on the whole set of individuals in all pairs.
Parameter estimations and goodness of fit
Demographic parameters were estimated for a subset of models (n = 148) with robust inferences at a threshold posterior probabilities ≥ 0.865. We first performed a posterior predictive check to test the accuracy of our simulation procedure. We found that under each of the best model, the simulation pipeline produced accurate estimates based on the posterior distribution of 2,000 newly simulated summary statistics. Of the 148 comparisons, we found that π tended to be significantly different from the observed value (p < 0.001) in a total of 46 cases. The average and standard deviation of the number of fixed differences (Sf) was also less accurately reproduced with the simulation pipeline in a few cases (n = 16, p < 0.001) (Supplemental Table S9 ). Parameter estimates were then performed under the best scenario of secondary contact among NhomoMhomo, NheteroMhetero, NheteroMhomo, NhomoMhetero.
Posterior parameter estimates were well differentiated from the prior for the time of secondary contact in 147 out of the 148 comparisons and indicated very recent secondary contacts as they represented on average 1.3% of the split time between continent, 1.5 % of the split time between population within America Europe and 0.7% between populations within Europe (Fig. 6 ). In contrast, posterior estimates of split times were differentiated from the priors in 13% of the comparisons, and all but two were between populations from North America (Supplemental Table S10 ). Given the importance of estimating split time but the high uncertainty surrounding its estimation, the following complementary approach was used. We identified for the 148 most robust comparisons the most differentiated loci according to their FST values. All loci falling outside the 95% percentile of the FST distribution were sampled and parameters were estimated under a model of strict isolation SI. For a few cases where all loci were fixed at the 95% level we used a 90% threshold. Under the genic view of speciation (Wu 2001) , barrier loci harboring various genetic incompatibilities are more likely to have been resistant to introgression, and to display deeper coalescent times, therefore having high FST values. In these conditions, a less parameterized model of strict isolation appears as a parsimonious alternative to estimate split time. The whole simulation pipeline was used as above (i.e. one million simulations for 148 pairs) using this restricted set of markers. A model selection choice was performed in a subset of the data (n = 60) in order to ensure that the SI model was indeed the best model. Between continents, we found that at a 95% FST percentile threshold, the SI model was indeed the best model except in 14 cases generally involving the same river (Yapoma River). However, this was not the case for within-continent comparisons, where the SC always remained the best model. The 90% threshold produced similar results but with the discrimination between SC and SI being less clear. For within continent comparisons, we found that posterior estimates of split times under SC were systematically not differentiated from the prior except in four cases and consequently not interpretable. We therefore present only estimates of split time under SI between continents. In this configuration, divergence times were accurately estimated in 65% of the comparisons (Supplemental Table S11 ). Our inference indicated a mean continental split time of 20.84 coalescent units (Supplemental Fig. S10 ), which was significantly higher than the mean split time of 12.61 coalescent units inferred from all markers (t-test, p <0.0001). It is noteworthy that in the four estimates under the Secondary Contact model at the 95% threshold where the posteriors were well differentiated from the prior, the split time was also older than using all markers (mean = 26.44 coalescent units), reflecting the possibility that at the genomic level, accumulation of genetic barriers involved in adaptation and/or isolation predated the onset of divergence.
Posterior estimates under the secondary contact model also indicated a reduction in effective population size of the contemporary populations compared to the ancestral population size but with large confidence intervals. This result was confirmed by estimates under the strict isolation model where the differences were significant (t-test p < 0.0001).
Under the SI model, we also found that North American populations displayed significantly higher contemporary population sizes than European populations (t-test p < 0.0001; Supplemental Table S10 ). Estimates of migration rate under the secondary contact models produced large confidence intervals, with posterior being differentiated from the prior in less than 50% of the comparisons making the interpretation of those results not relevant (Supplemental Table S10 ).
Discussion
The main goal of this study was to reconstruct the demographic history of betweencontinent and within-continent divergence of Atlantic Salmon populations across the northern hemisphere. Towards this end, an ABC framework was implemented, taking into account the effect of linked selection locally reducing Ne, and of genetic barriers, locally reducing the rate of effective gene flow (m). Demographic inferences strongly supported a long period of geographic isolation, during which linked selection likely shaped the heterogeneous landscape of divergence between them. Periods of isolation were subsequently followed by widespread secondary contacts between continents as well as within each continent which have contributed to the erosion of genome-wide differentiation outside of genetic barriers.
Population structure
The PCA and clustering analyses largely recovered results of two previous studies Moore et al. 2014) for North American and European populations and confirmed that i) the largest divergence occurred between European and North-American populations, with 36% of the variance attributed to between continents divergence; and ii)pronounced regional genetic clustering occurred among European groups and iii) a weaker albeit significant regional clustering among American populations as previously observed (Verspoor 2005; Moore et al. 2014) . These analyses, together with the clinal variation found by bourret et al. (2013) sets suitable conditions to reconstruct the underlying demographic processes that were involved in shaping the contemporary genetic landscape of Atlantic salmon throughout its natural distribution.
Resolving the history of Atlantic salmon divergence
One of the most striking patterns of our demographic inferences was the unambiguous support for a scenario of long divergence without gene flow followed by very recent episodes of secondary contacts (approximately 1% of the total divergence time) in more than 90% of our comparisons, between continents, as well as among European and among North American populations. These long periods of isolation followed by relatively small periods of secondary contacts provided the best conditions to robustly infer secondary contacts ). This is because long secondary contact periods result in the loss of isolation signal (Barton and Hewitt 1985) and that a situation of migration-drift equilibrium with a semi-permeable barrier to gene flow is attained (Endler 1977) . This is often observed when reconstructing demography using only putatively "neutral" markers Rougemont et al. 2016 ).
We also observed a global reduction of genetic diversity among North American populations, as previously reported based on various molecular markers (Moore et al. 2014; Verspoor et al. 2005; King et al. 2007 ). Accordingly, Treemix analyses revealed higher levels of drift among North American populations relative to European ones. These results therefore support the hypothesis that North American populations were established by ancestral European populations (King et al. 2007 ). Indeed, similar patterns of reduced genetic diversity in newly founded populations relative to ancestral ones have commonly been reported, the most classical case being the "the out of Africa bottleneck(s) in humans" (Ramachandran et al. 2005; Henn et al. 2016 ).This continental divergence raises several questions: how long have the populations on each continent been isolated? When did the secondary contact start?
Which were the sources of colonization of America? What is the potential impact of these small contemporary gene flow events on the genomic make up of contemporary populations?
We cannot provide direct absolute estimate of divergence time in years in our results section without formulating assumptions regarding generation time and size of reference (Nref) as scaling factor in coalescent simulations. Nevertheless, using our best estimates of split time under a strict isolation model (n = 52 pairs of populations), assuming a mean generation time of four years (Palstra et al. 2009 ) and a Nref = 5, 000 (scaling factor in coalescent simulations) suggests that divergence between continents was initiated ~1,670,000 years ago [95% credible intervals =1,564,000-1,764,000], while the secondary contact between continental populations started ~ 13,400 years ago [95% credible intervals =1,800-41,380]. Our estimates of split times are therefore closer to those discussed by Nilsson et al. (2001) (>1 million years) than those of (King et al. 2007 ) (600 000 -700 000 years). These difference can be explained by the fact that the authors assumed different rate of substitution (1.2% per My (King et al. 2007 ) versus 0.5 to 0.9% per My to the same data Nilsson et al. 2001) . Here, by estimating split time using the most highly differentiated loci according to their FST value, under a strict isolation model, we target loci that possess the deepest coalescence related to the onset of divergence. Our estimates suggested that continental divergence occurred during the mid-Pleistocene which lasted from ~ 2.58 Myrs ago to 1 1,000 years ago (Gibbard et al. 2010) . Accordingly, Atlantic Salmon on each side of the continent would have been in strict isolation approximately 99% of their divergence time during the Quaterny, a period where most of the earth surface was glaciated (Hewitt 2000) .
This long continental isolation period has most likely facilitated the accumulation of genetic incompatibility. This hypothesis is supported by the observation of pronounced asymmetric outbreeding depression at the second generation of hybridization reflecting the expression of Dobzhanskhy-Muller incompatibilities (Cauwelier et al. 2012) . Thus, by crossing Canadian and Scottish salmon, the authors observed complete unviability of BC with Canadian fish whereas F1 and BC1 with Scottish fish were viable. Therefore Atlantic Salmon from each continent can be best described as partially reproductively isolated species, separated by a semi-permeable barrier to gene flow, as proposed recently in other systems such as European seabass dicentrarchus labrax (Tine et al. 2014) ; European Anchovy Engraulis encrasicolus (Le Moan et al. 2016) or European river and brook lampreys Lampetra fluvatilis and L.
planeri (Rougemont et al. 2017) . During the long glacial period secondary contacts were therefore unlikely.
Our results also suggested that following this long phase of geographic isolation, intercontinental secondary contact would have occurred at the end of the last glacial maxima (LGM), approximately 15 000 years ago. This period was associated with major environmental changes such as melting of ice sheets in North America and Europe, followed by an abrupt rise in sea levels as well as changes in oceanic circulations and temperature warming (Clark et al. 2009; Negre et al. 2010 ). These factors may have facilitated recent gene flow over long distance and impacted the current distribution and demographic history of species (Hewitt 1996; Bernatchez and Wilson 1998) .
Demographic history of European populations
A previous investigation ) found a cline in allele frequency at the majority of outlier loci when comparing the Baltic versus Atlantic populations and the Barents-White versus Atlantic populations, and the authors hypothesized that this reflected secondary contact between these genetic groups. Earlier studies have also proposed that Baltic populations must have existed in a separate refugium located either in the North Sea (Verspoor et al. 1999) or in the glacial lakes of Eastern Europe (Consuegra et al. 2002; King et al. 2007 ). More recently, a refugium was identified in Northern France with a potential contact zone between Northern France and the Iberian southern refugia (Finnegan et al. 2013 ).
Here we validated the hypothesis of secondary contact around the Baltic Sea as well as in the Barents-White Sea. These results, together with these studies suggest that at least three refugia have existed (i.e. North Sea, Iberian Peninsula, Northwest France). We did not estimate divergence time under the secondary contact model as posteriors were not different from the priors and resulted in large uncertainty with regards to those estimates (i.e credible intervals = 239,000 -2,230,000 years old). These results have important implications for interpreting genetic-environmental associations in this species. In particular, while endogenous barriers are most easily accumulated in allopatry and form tension zones upon secondary contact, their coupling with environmental barriers often stabilizes them (Barton 1979; Barton and Hewitt 1985) resulting in spurious genetic-environmental associations that may incorrectly be interpreted as local adaptation (Bierne et al. 2011 ). In the Baltic-Atlantic comparison, most of the differentiation observed in several species is generally attributed to adaptation to environmental gradients (e.g. Johannesson and André 2006; Gaggiotti et al. 2009; Berg et al. 2015; Guo et al. 2015) ) under the hypothesis that the populations have adapted after the establishment of the Baltic sea (< 8000 years old). Here, our analysis indicates that this may not necessarily be the case. Without rejecting a potential secondary role of exogeneous barriers, our results show that the null model of demographic history can well account for the observed pattern, as observed in Drosopgila. melanogaster, for instance (Flatt 2016 ). We therefore propose that for any species, reconstructing the demographic history occurring along environmental gradients where hybrid zones have been described (e.g. Daguin 
Demographic history of North American populations
Our inferences of broad patterns of population genetic structure indicated two major groups with a north-south clustering. Among those, 350 out of 1095 (i.e. 32%) displayed mixed membership probabilities. This raises the same questions as for European populations, namely, does this pattern of contemporary admixture reflects divergence with gene flow or secondary contacts? First, the ABC analysis between the most differentiated groups provided strong support for secondary contacts. However, as for European populations, it was difficult to estimate the timing of divergence of the groups as credible intervals were large (22, 900 -1,600,000years old). Second, we identified several European populations as source of admixture together with several major American sources from the southern area (Nova Scotia and Narraguagus, Québec lower and Upper Shore). This suggests that throughout its divergence history, the colonization of America by the ancestral European salmon populations has neither been established by a single colonization event nor by a single point of secondary contact. Interestingly, the Narraguagus River is the southernmost sample from our study and appears as the most extensive source of admixture in more northern populations. Admittedly however, the Narraguagus River may not be the actual source population itself but rather being representative of the southernmost range distribution of Atlantic Salmon, given that we could integrate only one population from USA. Therefore, it would be relevant to integrate more populations from this area.
Besides the strong signal of admixture from the southern region represented by Narraguagus River population, our results also suggest that several colonization events from different European populations into at least two major genetic groups occurred. The inference of admixture from two ancestral European branches into the Gaspésie and Anticosti areas further supports a hypothesis of ancestral, multiple colonization events. Therefore, we propose that North American populations most likely represent a mixture of multiple European lineages that varies among populations. As such, our results do not support the hypothesis of a single colonization event and single intercontinental secondary contact. Instead, a model of multiple colonization and contacts seem more plausible as was recently proposed to explain the colonization of North America by D. melanogaster (Brawand et al. 2014) 
in which North
American populations would represent a mixture of European and African lineages. Also it may seem paradoxical to observe a lower genetic diversity of American population in spite of potential admixture. However, we argue that admixture resulting from different colonization event has mainly proceeded through a series of founding events and was more likely to be the results of a few individuals successfully migrating to North America. In scenario of a few individuals colonizing North America, drift certainly played a major role. Therefore, in spite of admixture, the full extent of ancestral genetic diversity is unlikely to be present in North American samples. Finally, given the potential strong incompatibilities of American and European genetic background, it is likely that the most recent (postglacial) introgression events are selected against and results in minor change in overall patterns of genetic diversity.
Moreover, our ABC modeling suggests that following these colonization events, spatial redistribution of European ancestral variants into neighboring American rivers apparently resulted in a complex signal of admixture integrating multiple signals of split and secondary contacts. Finally, as for Europe, results for North America indicate that studies focusing on interpretation of local adaptation may benefit from accounting for the possible confounding effects of admixture in generating allele frequency clines (Kapun et al. 2016) . For instance, previous inferences of local adaptation in Atlantic Salmon in America have yield strong support for an association between spatial variation at MHC, temperature and pathogen diversity (Dionne et al. 2008) or between geological substrate and spatial genetic variation (Bourret et al. 2013b ). It would be interesting to compare results of these previous studies with genome-scan based on our explicit demographic modeling.
Evidence for genome wide heterogeneity and a role for linked selection
Another salient result of our study was that models incorporating heterogeneity of either Ne, m or both to account for linked selection outcompete models with homogeneous gene flow (except in three out of 148 cases). It is increasingly recognized that integrating heterogeneity of introgression rate (m) in demographic inferences increases the accuracy of model selection (Roux et al. 2013; Le Moan et al. 2016; Leroy et al. 2017; Rougemont et al. 2017 ) as genetic barriers to gene flow are known to reduce the effective rate of migration and to result in heterogeneous landscape of differentiation. A recent study demonstrated the importance of integrating local genomic variation in Ne to model variation in intensities of genetic hitchhiking due to selective sweeps (Smith and Haigh 1974) or to background selection (Charlesworth et al. 1993) . More specifically, these authors showed how neglecting one of these two components can lead to false inferences about intensities of gene flow, local variation in effective population size and ultimately impact model choice.
Moreover, there is mounting evidence supporting a role of linked selection in shaping heterogeneous landscape of differentiation (Burri et al. 2015; Vijay et al. 2016; Vijay et al. 2017) and that gene flow is not always necessary to explain heterogeneous divergence. Here, however, our modeling approach suggests that gene flow associated with secondary contact has played an important role by lowering genome wide differentiation outside of barrier loci.
Admittedly, our ABC framework is a simplified approach that does not allow distinguishing the process underlying local variation in Ne. It is likely that during the majority of the isolation period of Atlantic Salmon, background selection may have played a role, as suggested in other studies (Corbett-Detig et al. 2015) . However, disentangling the relative contribution of differential introgression, selective sweeps and background selection was beyond the scope of this study and would require more data than those available so far in Atlantic Salmon, in particular with regards to the genome-wide estimates of recombination rates (e.g. Vijay et al. 2016) . Given widespread variation in recombination rates in salmonids (Sakamoto et al. 2000; Moen et al. 2004; Sutherland et al. 2016 ) and evidence for a lower recombination near centromeres it would be relevant to perform an investigation across the salmonids radiation, as was recently done in birds (Vijay et al. 2017 ) in order to better understand if linked selection has also purged diversity over large evolutionary timescales.
Conclusions
The modeling approach that we used here suggests that the demographic history of Atlantic Salmon divergence was shaped by multiple secondary contacts both between and within the North American and European continents. Multiple contact zones from European populations in North America, followed by widespread admixture and sorting of ancestral variation seems the most likely scenario for the observed patterns. While differential introgression across the genome certainly played a role in the formation of a heterogeneous differentiation pattern, results also clearly point to a role for linked selection in the form of background selection and/or positive hitchhiking. In these conditions, identifying targets of local adaptation will be particularly challenging. Clearly, more extensive genome wide data with information about local variation in recombination rate will be needed to address this issue (e.g. centromeres, inversions). These data will also allow drawing models of divergence with more than two populations and will allow using more appropriate null neutral model for detecting targets of selection associated with local adaptation. With all these confounding effects in mind, disentangling real targets of adaptation from demographic and other nonadaptive processes may be more challenging than has been appreciated thus far.
Methods
Sampling and genotyping
A total of 2,080 individuals from 77 locations across the whole native range of Atlantic Salmon from two studies , Moore et al, 2014 (Fig. 1) were merged which resulted in a total of 5,087 loci from a SNP array previously developed at the Centre for Integrative Genetics (CIGENE) in Norway. All details from the SNP discovery as well as quality control and ascertainment bias in North American populations are described in . Genotypes were further filtered by excluding individuals with more than 5% missing genotypes (45 individuals removed) as well as SNPs with a lower than 95% genotyping rate (53 SNPs removed). Only SNPs with a global minor allele frequency (MAF) > 5% were kept (379 SNPs removed) resulting in a final dataset of 2,035 individuals and 4656
SNPs with less than 1% of missing data. Basic summary statistics (i.e. Ho, He, pairwise FST were computed globally and for each locus using mainly custom R scripts (see Data Availability section) and Hiersfstat package (Goudet, 2005) .
Patterns of broad population genetic structure and admixture
We first visualized population genetic relationships among rivers and individuals using a principal component analysis as implemented in the R package ade4 (Dray and Dufour 2007) using the whole dataset. Second, we inferred levels of ancestry and admixture proportion of individuals using the snmf function implemented in the R package LEA (Frichot et al. 2015) . K-values ranging between one and 60 were tested and cross-validations were obtained using the cross-entropy criterion with 5% of masked genotypes. The default value for the regularization parameter was used to avoid forcing individuals into groups hence underestimating admixture. Maps of ancestry coefficients were drawn in R following recommendations available elsewhere (Caye et al. 2016 ).
SNP mapping on the Atlantic salmon reference genome
The Treemix analysis is best performed when SNPs are positioned in the genome. Therefore, the recently published Atlantic Salmon genome was used (accession code: PRJNA72713 and PRJNA260929 NCBI) to map SNPs on the genome (Lien et al. 2016 ). The masked reference genome was used to avoid mapping on repeat sequences. Reads containing SNPs were mapped on the genome using gsnap (Wu and Nacu 2010) with default parameters.
Reads were then converted to bam files using samtools (Li et al. 2009 ) and unmapped or secondary mapped reads were removed. A total of 4,637 of 4,656 (99%) reads were successfully mapped on the genome. Only high quality mappings were retained (MAPQ>40) resulting in a total of 4153 SNPs. We also exploited these newly positioned SNPs to plots overall FST values along each chromosomes (Supplemental Fig S1) .
Demographic inference
Inferring population splits and sources of admixture
We combined TreeMix v1.12 (Pickrell and Pritchard, 2012) , f3-test (Reich et al. 2009) and Spacemix (Bradburg et al. 2016 ) to identify population splits and admixture as well as the most likely source(s) of admixture. Treemix uses allele frequency covariance matrix and models genetic drift through a Gaussian approximation to build the maximum likelihood population graph. Migration events were set between 0 and 20 aiming to reach an asymptotic value in the percentage of variance explained (Supplemental Fig S6) .
Second, we used the f3-statistical tests (Reich et al. 2009 ) with bootstraps in blocks of 100 SNPs to test whether divergence between European and North American populations can be best explained by a model without migration. The f3-statistical tests or three-population test is a formal test of admixture (f3 (C; A , B) ) which tests whether population C derived a significant amount of admixture from population A and B. All possible comparisons of three populations were performed.
Finally, we used a spatial framework for inference of the geogenetic positions of populations with their most probable source and direction of admixture implemented in the R package SpaceMix (Bradburg et al. 2016) . The goal of this analysis was to complement Treemix analyses by using an explicit geographic framework in order to identify the potential sources of admixture and directions of migration events. Two demographic models were tested. In the first model, only population locations were estimated but not admixture, corresponding to a model of pure isolation by distance. The second model estimated together the population locations as well as the extent of admixture (see details in (Bradburg et al.
2016)
). Parameter settings strictly followed those implemented by the authors for the study of human populations. Analyses were performed using the covariance-matrix on the full dataset.
The convergence of the runs was checked using functions provided in the SpaceMix package
Explicit modeling: coalescent analysis and Approximate Bayesian Computation
A new ABC framework recently developed (Roux et al. 2013 ) was used to perform explicit modeling of divergence history while incorporating the effects of selection at linked sites affecting Ne and differential introgression (m).
Coalescent analyses
Demographic scenario were tested on a subset of populations representative of the major genetic groups identified in for Europe, Moore et al. (2014) for North America and here. The list of all major groups is provided in S1 table. A total of 15 groups were defined and pairwise comparison of divergence scenarios was performed as detailed below.
Four classic demographic scenarios were compared (Fig. 1) . These include a model of as defined on the homogeneous version. Ne values were thus independently drawn for NANC, N1 and N2 but shared the same shape parameters . Priors were generated using a Python version of priorgen software (Ross-Ibarra et al. 2008 ) and a panel of commonly used summary statistics (Fagundes et al. 2007; Roux et al. 2013 ) was computed using mscalc (Ross-Ibarra et al. 2008; Ross-Ibarra et al. 2009; Roux et al. 2011) .
Integrating multiple episodes of gene-flow and demographic size change
From the best inferred model, (systematically SC, see results), we tested whether integrating two events of secondary contact and two events of strict isolation under a model called periodic secondary contact (PSC) best fitted our data than the model of single secondary contact (Merceron et al. 2017) . This model was designed to better reflect the possible outcome of multiple glacial expansions and retreats throughout historical times.
Similarly, another expected outcome of divergence and gene flow during post-glacial colonization is that the colonization of neighboring rivers by few founding individuals may generate strong drift and result in bottleneck in the newly founded populations (BSC). To test these two hypotheses, we chose a completely random subset of population pairs derived from the 162 pairs analyzed previously. In order to be representative of the previous analyses, we included pairs diverging between continents, between major genetic groups within Europe and within America. We thus modified our inference pipeline to explore the fit of these models to our data. Details of the modifications are provided in Supplemental Note S1.
ABC: model selection
A total of 14 models were available: four alternative models for IM, AM, SC hereafter called NhomoMhomo (for Homogeneous Ne and Homogeneous migration along the genome);
NhomoMhetero (for Homogeneous Ne and Heterogeneous migration along the genome); NheteroMhomo (for Heterogeneous Ne and heterogeneous migration along the genome) and NheteroMhetero (for Heterogeneous Ne and heterogeneous migration along the genome); and two alternative models for SI that is Nhomo or Nhetero. Based on the identification of the best model, we further constructed two additional models incorporating periodic secondary contact (PSC) and variation in effective population size (BSC).
First, the 14 models were all compared together at the same time using ABC. Posterior probabilities were computed by retaining the 3500 'best' simulations (out of 14 x 1 million) during the rejection step, those were weighted by an Epanechnikov kernel peaking when Sobs = Ssimand a neural network was used for the rejection step. Fifty neural networks were used for training with 15 hidden layers. Ten replicates were performed to compute an average posterior probability for each model. Last, we compared the best secondary contact models against the two remaining alternatives PSC and BSC. Each time, the same model selection procedure was repeated. The R package 'abc' (Csilléry et al. 2012) was used for the model choice procedure.
Robustness
The robustness, which is defined as the probability of correctly classifying a model given a posterior probability threshold was assessed using pseudo-observed dataset (PODS).
A total of 10,000 PODS from each model was simulated with parameters drawn from the same prior distribution. Then, the same ABC model choice procedure as above was run again, but using the pseudo-observed dataset instead of the real data set in order to compute the posterior probability of each PODS. From the posterior probability distribution the robustness was then computed as defined elsewehere (eg: Roux et al. (2016) ).
Parameter estimation and posterior predictive checks
For every robustly inferred model, parameter estimation was performed using a logit transformation of the parameters and a tolerance of 0.001. The posterior probabilities of parameter values were then estimated using the neural network procedure with nonlinear regressions of the parameters on the summary statistics using 50 feed-forwards neural networks and 15 hidden layers. We then performed posterior predictive check (ppc) to assess the goodness of fit of the best supported model (Gelman 2003; Rougemont et al. 2016) . We ran 2,000 simulations for each locus using the joint posterior parameter estimates in each comparison to generate summary statistics and compare them to those empirically observed in each dataset. The simulation pipeline was used again to do so and to compute the p-value for each summary statistic in order to estimate the fit. For America, original positions were removed for ease of interpretations and replaced by the "major groups" from which they belong (S1 Table) . Arrows joins the location of admixture source (in italics) to the current location of the sample, opacity of the arrow is a function of the amount of admixture of the sample. Ellipses around each point represent the 95% CI of geogenetic locations. e) Admixture proportions inferred by Spacemix for each sampling locations with 95% CIs. Color scheme is the same as before with color gradient based upon geographic position. 
